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KAJIAN KE ATAS PEMPROSESAN DAN SIFAT-SIFAT KOMPOSIT 
ELASTOMER SILIKON TERISI PENGISI KONDUKTIF TUNGGAL DAN 
PENGISI KONDUKTIF HIBRID 
 
ABSTRAK 
 Komposit polidimetilsiloksana (PDMS) terisi nanotiub karbon dinding 
berbilang (MWCNT) disediakan dengan dua kaedah pemprosesan yang berbeza. 
Kaedah pertama melibatkan pencampuran larutan di mana MWCNT diserak dalam 
pelarut dengan ultrabunyi sebelum dicampur dengan PDMS secara mekanikal. 
Kaedah kedua melibatkan penggunaan ekstruder mini untuk menyerakkan dan 
mencampur MWCNT dan PDMS. Mikrograf daripada Mikroskop Imbasan Elektron 
(SEM) menunjukkan bahawa komposit yang disediakan dengan ekstruder mini 
menghasilkan nanotiub yang lebih pendek, tetapi mempunyai serakan yang lebih 
baik berbanding dengan komposit daripada kaedah pencampuran larutan. Komposit 
ini juga menunjukkan kekuatan tensil dan kekonduksian terma yang lebih tinggi. 
Sebaliknya, komposit daripada pencampuran larutan menunjukkan kekonduksian 
elektrik yang lebih tinggi dan kestabilan terma yang lebih baik. Pengfungsian 
nanotiub dengan –OH dan -COOH secara amnya meningkatkan kekuatan tensil, 
kekonduksian terma, dan kestabilan terma tetapi tidak menyumbang kepada 
peningkatan kekonduksian elektrik. Sifat-sifat PDMS/grafit platlet nano terkelupas 
(xGnP) adalah setara dengan sifat PDMS/MWCNT. Komposit terisi 4 wt% pengisi 
hibrid dengan nisbah xGnp/MWCNT-OH sebanyak 3/1 mempamerkan kekonduksian 
terma dan elektrik yang paling tinggi dan pekali pengembangan terma yang paling 
rendah. Secara amnya, pengisi hibrid boleh digunakan untuk menghasilkan komposit 
yang bersifat lebih baik pada harga yang rendah kerana kos xGnP yang murah. 
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STUDIES ON THE PROCESSING AND PROPERTIES OF CONDUCTIVE 
SINGLE FILLERS AND HYBRID FILLERS FILLED SILICONE 
ELASTOMER COMPOSITES 
 
ABSTRACT 
Multi-walled carbon nanotubes (MWCNTs) filled poly(dimethyl siloxane) 
(PDMS) composites were produced via two different processing methods. The first 
method is the solution mixing method where MWCNT were dispersed in a solvent 
using an ultrasonicator before mechanically mixed with PDMS. The second method 
entails the use of a mini-extruder to disperse and mix the MWCNTs and PDMS. 
Scanning Electron Microscopy (SEM) micrographs revealed that samples produced 
by mini-extruder exhibited shorter nanotubes, but better nanotubes dispersion 
compared with solution mixing. The composites prepared using the mini-extruder 
was found to have higher tensile strength and thermal conductivity. On the other 
hand, the composites prepared via solution mixing show higher electrical 
conductivity and better thermal stability. Functionalization of nanotubes with –OH 
and –COOH improves the tensile strength, thermal conductivity and thermal stability 
but does not contribute to the electrical conductivity enhancement. The properties of 
PDMS/exfoliated graphite nanoplatelet (xGnP) are comparable to that of 
PDMS/MWCNT. Composites filled with 4 wt% hybrid fillers with an 
xGnP/MWCNT-OH ratio of 3/1 show the highest thermal conductivity, electrical 
conductivity, and the lowest coefficient of thermal expansion. In general, the hybrid 
fillers can be used to produce composites with improved properties at lower cost due 
to the cheaper cost of xGnP.  
1 
 
CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction 
Silicone rubbers are found to be useful in numerous products, applications, 
and processes across all industries. This is because silicone rubbers possess unique 
physical, chemical and mechanical properties that are unmatched by any other 
polymeric materials. Among the properties of silicone rubbers are low surface 
tension, hydrophobicity, chemical resistance, electrical insulation, resistance to 
weathering, stability to extreme temperatures, resistance to thermal shock, high 
elasticity, good tear strength, capability to seal or bond materials of various natures, 
and so on. However, unfilled silicone rubbers usually have low mechanical, electrical 
and thermal conductive properties. That is why silicone rubbers are often combined 
with fillers such as metal powders, fumed and precipitated silica, carbon black, boron 
nitride and zinc oxide to improve the above-mentioned properties. 
For many years, there have been extensive research on silicone rubber-based 
composites, for which the attentions were mostly towards the thermal properties of 
the materials (Sim et al., 2005; Zhou et al., 2007; Zhou et al., 2008a). With the 
advancement in electronics technology, miniaturization of transistors which allow 
more transistors to be integrated into a single device is made possible. Nevertheless, 
integration and cramming of transistors will increase power usage and heat flux at 
the device. Thus, heat dissipation issue becomes a great importance, and it is very 
crucial for the heat generated from the device to be dissipated as quickly and 
effectively as possible. Else, the operating temperatures of the device will not be 
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optimum, and it will reduce the lifespan of the device (Sim et al., 2005; Zhou et al., 
2007; Zhou et al., 2008a). 
Traditionally, to solve the heat dissipation problem, a heat sink is embedded 
to the device.  Relying on the heat sink alone to dissipate heat is not enough due to 
interfacial thermal resistance arising from non-surface flatness and surface roughness 
of both device and heat sink. This resulted about 99% of the interfaces being 
separated by air gaps, which significantly reduce the capability to dissipate heat due 
to the poor thermal conductivity of air. Thus, an additional material, called the 
Thermal Interface Material (TIM) is employed between the two materials to reduce 
thermal contact resistance and provide effective heat conduction (Zhou et al., 2008a). 
There were quite a number of researches dealing with effect of fillers on the thermal 
conductivity of silicone rubber. Zhou et al. (2007, 2008) had reported in two separate 
papers that boron nitride-silicone rubber and silicon nitride-silicone rubber systems 
had shown a significant increase in thermal conductivity. They also reported in 
another paper that the thermal conductivity of silicone rubber increased with 
increasing alumina concentration up to 80 vol%. On the other hand, Liu et al. (2004) 
reported an enhancement of 65% in thermal conductivity with 4 wt% carbon 
nanotube (CNT) loading in silicone rubber. 
Carbon nanotubes (CNTs) are new-type carbon materials that exhibit 
excellent mechanical properties (Yue et al., 2006). CNTs consist of folded graphene 
layers with cylindrical hexagonal lattice structure (Bokobza, 2008). The length of a 
CNT is from a few microns up to a few millimetres, with a diameter of the order of 
nanometers. A single carbon nanotube is hundred times stronger and six times lighter 
than steel and exhibits good electrical and thermal conductivities. With only a low 
concentration to improve the properties of the composite, it is clear that carbon 
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nanotube (CNTs) have attracted a great deal of interest and are the most talk about 
polymer composite fillers among researchers. Comparing with the enormous number 
of studies on the application of CNTs in epoxies, thermoplastics and fibers, there are 
rather few reports dealing with applications of CNTs in rubber (Das et al., 2008). 
Since both silicone rubbers and CNTs have their own unique and excellent properties, 
it is believed that combining these two groups of materials can lead to a very 
attractive and multifunctional composite that can find extensive application in many 
fields. The addition of CNTs into polydimethylsiloxane (PDMS), a type of silicone 
elastomer, has been reported to have improved the mechanical, electrical and thermal 
properties of the composites. Wu et al. (2009) reported that the elastic modulus of 
PDMS/CNT composite increases when 2.0 wt% CNTs are added into the PDMS 
matrix. Furthermore, the storage modulus and hardness also increased with the 
addition of CNTs. In a separate work, Hong et al. (2010b) revealed that the thermal 
conductivity of PDMS composite increases with filler loading. 
Another emerging type of carbon-based filler is the exfoliated graphene 
nanoplatelets (xGnPTM). Drzal’s group had in recent years demonstrated that xGnP, 
which combined the lower price and layered structure of clays with the superior 
thermal and electrical properties of CNTs, can be effective alternatives to CNTs and 
still provide excellent and competitive functional properties (Kalaitzidou et al., 
2007a; Kim and Drzal, 2009a). They also reported that the xGnP filled high density 
polyethylene (HDPE) composites showed superior mechanical properties while the 
xGnP filled linear low density polyethylene (LLDPE) displays excellence 
mechanical properties and electrical conductivity (Kim et al., 2009, 2010). 
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1.2 Problem Statement 
Although previous works have shown properties improvement with the 
addition of CNTs in PDMS composite, the true potential of CNTs as fillers is limited 
and cannot be maximized because the CNTs are highly entangled (Sham and Kim, 
2006). The high degree of entanglement is partly due to the high aspect ratio and 
high surface area of CNTs, as well as the van der Waals interactions among them. 
The effective use of MWCNTs in composite applications depends on the ability to 
disperse MWCNTs uniformly throughout the polymer matrix without reducing their 
aspect ratio and this issue is seen as an obstacle. This is because the dispersion of 
carbon nanotubes within a polymer matrix was proven to be very difficult due to the 
high viscosity of the polymer as well as the entanglement nature of nanotubes, which 
causes the nanotubes to be held together as bundles and ropes. Thus, the nanotubes 
have very low solubility in the polymer and tend to remain as entangled 
agglomerates.  
Processing of CNT/polymer composites poses great challenges, primarily the 
non-uniform dispersion of CNTs in polymer matrix and poor interfacial adhesion 
between CNTs and polymer matrix (Chen et al., 2008; Yang et al., 2009). A great 
number of studies have been devoted in improving dispersion of CNTs in polymer 
matrix and interfacial adhesion between CNTs and polymers. Various processing 
techniques such as solution mixing (Wang et al., 2007b) and melt compounding 
using mini-extruder (Deng et al., 2010) were used with the intention to improve 
dispersion and reinforcing efficiency of CNTs in polymer. A common method to 
improve interfacial adhesion between CNTs and polymer matrix is by introducing 
functional groups on the surface of the CNTs, which can provide multiple bonding 
sites to the polymeric matrix (Chen et al., 2008). This can be done via treatments 
5 
 
using silane (Kathi et al., 2009; Zhou et al., 2008b), amine (Chen et al., 2008), 
fluorine (Lee, 2003) and oxidation in acid solution (Kim et al., 2005). In order to 
fully understand the effect of MWCNTs on the properties silicone rubber, we need to 
overcome this uphill challenge of preparing a composite with well dispersed 
nanotubes filler.  
While there have been various studies on the effect of different dispersion 
states and parameters on the properties of CNTs polymer composites (Hong et al., 
2010; Li et al., 2007; Song and Youn, 2005), minimal research has been conducted 
on the effect of processing methods and functionalized fillers on the properties of 
PDMS composites filled with MWCNTs. Besides that, very little research on the 
properties of exfoliated graphene nanoplatelets filled PDMS has been conducted. The 
current work aims to compare the properties of PDMS/MWCNT composites 
produced by two different methods: solution mixing and shear mixing via mini-
extruder. Solution mixing is a common, low cost, and widely used method (Spitalsky 
et al., 2010), whereas processing of PDMS composites using mini-extruder is less 
common.  The effect of nanotube functionalization (–OH and –COOH group) on the 
properties of PDMS/MWCNT composites is also investigated in the present study.  
Recently, exfoliated graphite nanoplatelets have garnered a great deal of 
attention as promising inexpensive nanofillers and also because of their in-plane 
electrical, thermal, and mechanical properties which are comparable to carbon 
nanotubes. xGnP can be used as alternative to CNTs and still provide excellent and 
competitive functional properties (Kumar et al., 2010). The effect of combining 
CNTs and xGnPs to be used as hybrid fillers have also gained increased attention as 
these fillers have shown synergistic effects in enhancing the electrical and thermal 
conductivity of composites, especially in epoxy and polyethyleneamine (PEI) 
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(Kumar et al., 2010; Yang et al., 2011). However, at this time, comprehensive studies 
on the use of CNTs/xGnPs hybrid fillers in PDMS have not been previously reported.  
It is therefore believed that this work is noteworthy to produce PDMS composites 
with enhanced electrical and thermal conductivity while maintaining the mechanical 
properties at a relatively lower cost since xGnPs are cheaper than CNTs. 
 
1.3 Research Objectives 
 The objectives of the present studies are as follows: 
1. To compare the physical, mechanical, thermal, and electrical properties of 
PDMS/MWCNT composites produced by mini-extruder and solution mixing 
methods. 
2. To study the effect of functional groups towards the physical, mechanical, 
thermal, and electrical properties of silicone rubber filled with MWCNT 
composites. 
3. To compare the properties of PDMS/MWCNT and PDMS/xGnP composites 
and to study the properties of PDMS hybrid composites consisting of 
MWCNT and xGnP. 
 
1.4 Organization of Thesis 
 This thesis consists of five chapters. Chapter 1 briefly introduces the 
properties of silicone rubber, carbon nanotubes, and exfoliated graphite nanoplatelets. 
A brief introduction on thermal performance challenges faced by the 
microelectronics industry is also described. This chapter also includes the problem 
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statement and objectives of the current research. Chapter 2 consists of literature 
review on processing of silicone rubber, carbon nanotubes, and exfoliated graphite 
nanoplatelets. This chapter also describes the processing of polymer composites 
filled with carbon nanotubes and exfoliated graphite nanoplatelets. Chapter 3 
discusses the list of materials and chemicals used in this research alongside with their 
respective properties. The research methodology, the detailed experimental 
procedures to produce composites, and the methods to characterize the composites 
are also explained in Chapter 3. Chapter 4 discusses the results of characterization in 
detail, which is divided into four parts. The first part discusses the characterization of 
as-received fillers; the second part compares the properties of PDMS/MWCNT 
composites produced by mini-extruder and solution mixing method; the third part 
compares the properties of PDMS filled with functionalized MWCNTs and PDMS 
filled with exfoliated graphene nanoplatelets; the last part discusses the properties of 
PDMS filled with hybrid fillers. Finally, Chapter 5 summarizes and concludes the 
overall research. The recommendations for future studies are also listed in this 
chapter. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 History and Chemistry of Silicone 
 “Silicone” is a family of organo-silicon compounds based on a backbone or 
molecular chain of alternate silicon and oxygen atoms (Lynch, 1978). In addition to 
their links to oxygen, the silicon atoms are also bonded to organic groups such as 
methyl. The basic repeating unit of (R2SiO) is known as “siloxane”, where R is the 
organic group (Colas and Curtis, 2004). Depending on the length of the chain and the 
organic groups attached to the silicon atoms, these compounds can be crosslinked to 
form fluids, greases, gels, elastomers, and solid resins (Lynch, 1978; Rahimi and 
Shokrolahi, 2001).  
 
 
 
Figure 2.1: The basic repeating unit of siloxane, (R2SiO) (Colas and Curtis, 2004). 
 
 Research on silicone chemistry started around the 1930s. In 1937, Dr. J. F. 
Hyde of the Corning Glass Works had developed the first practical silicone 
compound, a resin for used as an electrical insulating varnish. Because of its heat 
resistance, the resin was impregnated with glass fibers to make woven glass tapes for 
electrical insulation  (Caprino and Macander, 1987; Lynch, 1978). In 1938, Dr. 
R 
R 
Si O 
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Eugene G. Rochow began work on the methyl silicones in the General Electric 
Research Laboratories (Caprino and Macander, 1987). It was in 1945 that Dr. 
Rochow discovered the “Direct Process” for the production of chlorosilanes, which 
led to the economic production of silicones (Chanda and Roy, 2008; Lynch, 1978).  
 Silicones are derived from silica (SiO2) or quartz, which is abundantly 
available in earth’s crust. The production of silicone requires the silica to be reduced 
to silicon (Si) using an electric arc furnace. The “direct process” takes place by 
reacting silicon with methyl chloride in the presence of copper as catalyst (Lynch, 
1978). The products of this reaction are dimethyldichlorosilane [(CH3)2SiCl2], 
methyltrichlorosilane (CH3SiCl3), trimethylchlorosilane [(CH3)3SiCl], and a small 
amounts of other products. These products are separated by a large distillation tower 
(Caprino and Macander, 1987). 
 Trimethylchlorosilane is monofunctional and can be hydrolyzed to form a 
dimer. However, in the control of silicone polymer molecular weight, it is used as a 
chainstopper. Dimethyldichlorosilane is difunctional and is hydrolyzed to a mixture 
of linear siloxane polymers and low-molecular-weight cyclics. The hydrolyzate is 
then polymerized to high molecular weight with acid catalyst. Methyltrichlorosilane 
is trifunctional and reacts with water to form oxygen cross-linked polymers which 
may be used as the basis of rigid resins (Caprino and Macander, 1987; Lynch, 1978). 
Table 2.1 shows the basic steps in producing silicone. 
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Table 2.1: The basic steps in producing silicone (Lynch, 1978). 
Steps Reaction 
1) Silica reduction to silicon SiO2 + 2C à Si + 2CO 
2) Synthesis of chlorosilanes 
Si + 2CH3Cl à (CH3)2SiCl2 + CH3SiCl3 + 
                             (CH3)3SiCl + … 
3) Hydrolisis and 
polymerization 
 
Hydrolisis of trimethylchlorosilane 
(CH3)3SiCl + H2O à (CH3)3SiOH + HCl 
 
Polymerization of trimethylchlorosilane 
 
Hydrolisis of dimethyldichlorosilane 
(CH3)2SiCl2 + 2H2O à (CH3)2Si(OH)2 + 2HCl 
 
Polymerization of dimethyldichlorosilane 
 
Hydrolisis of methyltrichlorosilane 
(CH3)SiCl3 + 3H2O à (CH3)Si(OH)3 + 3HCl 
 
Polymerization of methyltrichlorosilane 
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2.1.1 Silicone Elastomers 
Silicone elastomers are elastic compounds which contain linear silicone 
polymers compounded with fillers and crosslinked in a three dimensional network. 
The majority of silicone elastomers contain fillers which act as a reinforcing agent or 
as an additive for certain mechanical, chemical or physical properties (Jerschow, 
2001). Besides fillers, a typical silicone elastomer formulation contains a silicone 
polymer, additives, color pigments, and one or more peroxide curing agents. 
Although pure polymer may be used, it is generally easier and more economical to 
compound from silicone-reinforced gums or bases (Caprino and Macander, 1987). 
 Silicone elastomers are found to be useful in numerous products, applications, 
and processes across all industries because it possess unique physical, chemical and 
mechanical properties that are unmatched by any other polymeric materials (Parbhoo 
et al., 2002). Among the unique properties of silicone elastomers are resistance to 
radiation (can be exposed to radiation doses of up to 10 Mrad while losing only 25% 
in the maximum elongation), resistance to chemicals, high durability, resistance to 
weathering, good resistance to ozone and aging, resistance to thermal shocks, good 
tear strengths, and good electrical insulation. These unique properties have enabled 
the elastomers to be applied in fields as varied as aerospace, automobile, building, 
electronic, medical and health care, plastics, and textiles (Hofmann, 1980; Parbhoo et 
al., 2002). 
The most outstanding characteristic of silicone elastomers, however, is the 
ability to maintain most of its desirable properties over the very wide temperature of 
-100°C to 315°C. In other words, silicone elastomers can maintain flexibility at low 
temperature (as low as -100°C) and also endure exposure to heat up to 315°C. 
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Applications which make full use of these extreme temperature characteristic are 
door seals and outer switch seals, which must remain flexible at low temperatures of 
the upper atmosphere on aerospace vehicles, or oven door seals which must 
withstand extremely high temperatures. Silicone elastomers inherit the outstanding 
high temperature properties from its strong Si-O-Si bond, which is the same bond 
found in quartz, sand, and glass (Hofmann, 1980; Lynch, 1978). 
 
 2.1.2 Polydimethylsiloxane 
 The most common known silicone is polydimethylsiloxane, abbreviated as 
PDMS and terminated with trymethylsiloxy (Colas and Curtis, 2004; Parbhoo et al., 
2002). The chemical formula and structure of trimethylsiloxy-endblocked-PDMS are 
shown in Figure 2.2. 
Chemical Formula: (CH3)3SiO[SiO(CH3)2]nSi(CH3)3 
 
      Chemical Structure: 
         
where n is the repeating units of monomer [SiO(CH3)2] 
Figure 2.2: Chemical formula and structure of trimethylsiloxy-endblocked-
polydimethysiloxane (Colas and Curtis, 2004). 
 
 PDMS inherits the unique properties of a silicone elastomer mentioned in 
section 2.1.1. Apart from those properties, other notable physical and chemical 
attributes in comparison to other polymers are optically clear, non-toxic, non 
Si O 
CH3 
CH3 
CH3 
CH3 
CH3 
	  
Si O Si 
CH3 
CH3 
CH3 
n 
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flammable, very low loss tangent (tan δ ≤ 0.001), small temperature variations of the 
physical constants (except thermal expansion), high dielectric strength (~14 V/µm), 
high gas permeability, unique flexibility (the shear modulus may vary between 100 
kPa and 3 MPa), and low glass transition temperature (Tg ≈ -125°C) (Chua, 2009; 
Lötters et al., 1997). The low glass transition temperature is due to the flexibility of 
the siloxane backbone, in addition to its large free volume and mobility (Parbhoo et 
al., 2002). 
 The production of PDMS is similar to the direct process described in Table 
2.1. The first step of production is the reduction of silica to silicon, followed by 
synthesis of chlorosilanes from silicon. A combination of different chlorosilanes is 
synthesized. Dimethyldichlorosilane is separated via distillation and is then 
hydrolyzed to obtain disilanol that rapidly condenses to form linear siloxanes and 
cyclics. The linear siloxane is then polymerized and polymerization will continue 
until it is stopped by the addition of chainstopper or endblocking units (Colas and 
Curtis, 2004; Lynch, 1978). 
 
2.2 Curing System of Silicone Elastomers                                                                                                                                                                                                                                                   
 The curing system of silicone elastomers is divided into two types, namely 
the high temperature vulcanization (HTV) and room temperature vulcanization 
(RTV), depending on whether crosslinking is accomplished at ambient or room 
temperature. While curing is synonymous to crosslinking, the former often refers to a 
combination of polymerization plus crosslinking (Chanda and Roy, 2008). The room 
temperature vulcanization is further categorized as one-component curing (RTV-1) 
and two-component curing (RTV-2). Silicone elastomers are crosslinked according 
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to one of the following three reactions: a) free radicals, b) addition, and c) 
condensation (Colas and Curtis, 2004). The types of curing systems and crosslink 
reactions are summarized in Figure 2.3 (Jerschow, 2001). 
 
 
  
 
  
  
 
 
 
 
 
 
Figure 2.3: Summary of curing system and crosslinking reaction for silicone 
elastomer. The catalyst involved in crosslinking reaction is stated in parentheses. 
(Jerschow, 2001). 
 
 
2.2.1 RTV-1 Condensation Curing 
 The one component system (RTV-1) consists of silanol-endblocked-PDMS, a 
reinforcing filler, a crosslinker (usually a functional silane such as 
methylacetoxysilane), and a tin complex catalyst (a common example is dibutyltin 
(Pt-catalysed) 
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laurate), all pre-blended in an air-tight package as one component (Chanda and Roy, 
2008; Jerschow, 2001). In some cases, the catalyst can be either carboxylates of zinc, 
iron or esters of titanium. The curable composition is formed by mixing the pre-
blended component in the presence of moisture. PDMS is hydrolyzed on contact of 
air moisture and is condensed to produce a crosslinked elastomer (Parbhoo et al., 
2002). 
 Parbhoo et al. (2001) used a sealant cartridge as an example for application 
that is based on RTV-1 condensation curing. A moisture-sensitive PDMS 
(diacetoxymethylsiloxy-endblocked-PDMS) is prepared in situ by mixing silanol-
endblocked-PDMS with triacetoxymethylsilane (crosslinker) in the catridge. Upon 
application of the silicone by extrusion, the silicone surface comes into with the air 
moisture. The acetoxy siloxy group of diacetoxymethylsiloxy-endblocked-PDMS is 
hydrolyzed to form a different silanol-endblocked polymer. The resulting silanol 
group of the polymer chain condenses with acetoxy siloxy group of another polymer 
chain to form a siloxane bond. This similar reaction continues until a crosslinked 
elastomer is produced. Figure 2.4 shows the reactions involve for the RTV-1 
condensation curing system. Other application RTV-1 system is Cured-In-Place-
Gasket, which is used in automotive industry to seal engine segments such as 
lubricating and cooling regions of the engine (Jerschow, 2001).  
 
a) In situ formation of the moisture sensitive PDMS 
 
Figure 2.4: Reaction mechanisms in the RTV-1 condensation curing system  
(Parbhoo et al., 2002). 
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b) hydrolysis of moisture sensitive PDMS 
 
c) condensation to form siloxane bond 
Figure 2.4: Reaction mechanisms in the RTV-1 condensation curing system  
(Parbhoo et al., 2002). (Continued). 
 
2.2.2 RTV-2 Condensation Curing  
 As the name implies, the two component (RTV-2) condensation curing 
system is separated into two different components, namely the rubber base and the 
curing agent. The rubber base contains polymers, fillers, softeners, and additives 
whilst the curing agent is comprised of crosslinkers and tin catalyst, such as 
dibutyltindiacetate or dioctyltinmaleate (Jerschow, 2001). One major advantage of 
RTV-2 condensation is the moisture-sensitive catalyst is isolated from the reactive 
polymers prior to application. This will avoid unwanted reactions during their 
storage (Parbhoo et al., 2002).  
When the rubber base and the curing agent are mixed together, the silanol 
group of the reactive polymer will condense with the alkoxy silane group of the 
crosslinker to form siloxane bond. The reaction is catalyzed by organo-tin 
compounds. The system may be cured at temperatures between 0 °C – 70 °C. At 
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temperature above 80 °C, the condensation reaction can be reversed and the system 
can revert back to a flowable polymer. The RTV-2 condensation system is cured to 
produce flexible elastomers that resist humidity and other hard environments, and are 
used in silicone adhesives, sealants, seals, and gaskets (Parbhoo et al., 2002). 
 
Figure 2.5: Cross linking reaction mechanisms in the RTV-2 condensation curing of 
a silicone adhesive system (Parbhoo et al., 2002). 
 
2.2.3 Addition Curing 
 The RTV-2 addition curing system is also comprised of two different 
components, denoted as component A (also known as the curable composition, 
which contains catalyst and PDMS polymers with terminal and/or non-terminal vinyl 
groups) and component B (also known as the crosslinker, which contains PDMS 
polymer with Si-H groups). The components A and B are usually mixed according to 
a prescribed weight ratio (such as 1:1, 9:1, or 100:1), catalyzed by a platinum 
compound. Among the products of RTV-2 addition curing system are encapsulating 
materials, adhesives and sealants, and foam for compressible gaskets (Jerschow, 
2001).   
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 The HTV addition curing system works based on a hydrosilylation addition 
reaction between vinyl-functionalized and silicon-hydrido functionalized 
polysiloxanes. Crosslinking is achieved when the unsaturated organic groups, 
CH=CH2 (from vinyl functionalized polysiloxanes) react with the Si-H (from silicon 
hydrido functionalized polysiloxanes). The reaction is catalyzed by a platinum metal 
complex, preferably as organometallic compound to enhance their compatibility 
(Colas and Curtis, 2004; Parbhoo et al., 2002). 
 
Figure 2.6: Reaction mechanisms of addition curing (Jerschow, 2001). 
 
 2.2.4 Free Radical Reaction Curing 
  The free radical reaction, commonly used in HTV curing, is the oldest 
crosslinking process used for silicones (Malczewski et al., 2003). The first step in 
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this process is the formation of polymer free radicals via thermal decomposition of a 
free radical initiator (usually organic peroxide). The polymer free radicals are 
obtained via hydrogen abstraction by the peroxy radicals, which is form by thermal 
decomposition of organic peroxide. Crosslinking is achieved by the coupling of 
polymer free radicals. Some common examples of organic peroxides used as free 
radical initiator are benzoyl peroxide, 2,4-dichlorobenzoyl peroxide, and t-butyl per-
benzoate (Caprino and Macander, 1987; Chanda and Roy, 2008; Lynch, 1978).  
 
Figure 2.7: The free radical curing reaction mechanism whereby (1) is the thermal 
decomposition of free radical initiator, (2) is hydrogen abstraction, and (3) is the 
coupling of polymer free radicals (Caprino and Macander, 1987). 
 
 
2.3 Introduction to Carbon 
 Carbon is an element with unique properties and is also the most versatile 
element in the periodic table. A carbon atom consists of six electrons that are shared 
evenly between the 1s, 2s, and 2p orbitals with an electronic ground state 
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configuration of 1s2 2s2 2p2 (Dresselhaus et al., 1997; Hennrich et al., 2006). The 
valence electrons involved in chemical bonding, occupy both the 2s and 2p orbitals. 
Covalent bonds are formed by promotion of the 2s electrons to one or more 2p 
orbitals. To achieve equal bond lengths, the 2s orbital and 2 orbitals are combined to 
form hybrid orbitals that are identical (Hennrich et al., 2006).  
 Carbon can have three different hybrid orbitals depending on the 
combinations involved. The first combination is between the 2s orbital and one of the 
2p orbitals, resulting two sp hybrid orbitals in a linear geometry, separated by an 
angle of 180°. The second combination is between the 2s orbital and two 2p orbitals, 
resulting three sp2 hybrid orbitals in a trigonal geometry (same plane), separated by 
an angle of 120°. Lastly, the third combination is between the 2s orbital and three 2p 
orbitals, yielding four sp3 hybrid orbitals arranged as tetrahedron and separated by an 
angle of 109.5° (Hennrich et al., 2006). 
 Carbon can exist in three different allotropic forms, namely diamond, 
graphite and buckminsterfullerene. Figure 2.8 shows the structure and bonding of 
different carbon allotropes. Diamond has a crystalline structure where four valence 
electron of each carbon occupy the sp3 hyrbid orbitals and bonds with four other 
carbons in a tetrahedral arrangement. This three dimensional crystalline structure 
makes diamond the hardest known material and gives diamond excellent thermal 
conduction properties. However, diamond is electrically insulating because all the 
electrons in diamond forms sigma (σ) covalent bonds and no delocalized pi (π) 
bonds (Han, 2005; Hennrich et al., 2006). In graphite, three valence electrons of each 
carbon occupy the planar sp2 hybrid orbitals to form three in-plane σ bonds with an 
out-of-plane π bond. The result of this bonding is a hexagonal network. The 
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delocalized π bond is due to free movement of electrons from a non-hybrid orbital to 
another, forming an endless delocalized π bond network, which gives rise to the 
electrical conductivity (Han, 2005; Hennrich et al., 2006).  
 
Figure 2.8: The structure and bonding of different carbon allotropes – a) diamond, b) 
graphite, and c) fullerene (Han, 2005). 
 
Buckminsterfullerene, or C60 fullerene exists in discrete molecular form and 
has a hollow, cage-like spherical shape that is similar to a soccer ball. Also known as 
the Buckyball, each C60 fullerene molecule is composed of sixty carbon atoms that 
are bonded (sp2) to one another to form hexagonal and pentagonal geometry 
configuration. There are twenty hexagons and twelve pentagons altogether (Han, 
2005; Thostenson et al., 2001). Besides C60, there are now more than thirty other 
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forms of fullerene with C70 being the other common fullerene (Dresselhaus et al., 
1997) . Figure 2.9 shows the three most common forms of fullerenes. 
 
 
Figure 2.9: The three most common forms of fullerenes – a) C60, b) C70, and c) C80 
(Dresselhaus et al., 1997). 
 
 
2.4 Carbon Nanotubes  
` Carbon nanotubes (CNTs) are hollow cylinders composed of one or more 
concentric layers of carbon atoms in a honeycomb lattice arrangement (Avouris and 
Wind, 2003). It is conceptualized that the cylinders are rolled from a graphene (a 
monolayer of sp2-bonded carbon atoms) sheet and capped at both ends by 
hemispheres of fullerenes, as shown in Figure 2.10. The chemical bonding of CNTs 
is composed of sp2 bonds, which is similar to those of graphite (Dresselhaus et al., 
1997; Fischer, 2006). However, the carbon atoms in the cylinder display partial sp3 
character that increases as the radius of the cylinder curvature decreases 
(Moniruzzaman and Winey, 2006). The circular curvature will cause quantum 
confinement and σ-π rehybridization in which three σ bonds are slightly out of plane. 
To compensate this, the π orbital is more delocalized outside the tube (Han, 2005).  
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Figure 2.10: An example of carbon nanotube cylinder rolled up from a graphene 
sheet and capped at each end with hemispheres of fullerene molecule (Dresselhaus et 
al., 1997). 
 
Depending on the structure, CNTs can be categorized as single-walled carbon 
nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs). SWCNTs have 
only one layer of rolled graphene cylinder while MWCNTs consists of more than 
two concentric graphene cylinders. In some cases, CNTs may consist of only two 
layers of rolled graphne and this is known as double-walled carbon nanotubes or 
DWCNTs (Grobert, 2007). Figure 2.11 shows the conceptualization images of 
SWCNTs, DWCNTs, and MWCNTs. 
 
 
Figure 2.11: Conceptualization images of SWCNTs, DWCNTs, and MWCNTs 
(Shen et al., 2011). 
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2.4.1 Single-walled Carbon Nanotubes  
` Sumio Iijima is often credited as the discoverer of CNTs although CNTs had 
been observed prior to his discovery (Dai, 2006; Hennrich et al., 2006). Experimental 
evidence of the existence of CNTs came in 1991 when multi-walled carbon 
nanotubes (MWCNTs) were imaged using a transmission electron microscope 
(Iijima, 1991). It was in 1993 that single-walled carbon nanotubes (SWCNTs) were 
produced by arc-discharge synthesis by two independent research groups (Bethune et 
al., 1993; Iijima and Ichihashi, 1993). 
 An SWCNT can be visualized as a one-atom-thick layer of graphene sheet 
rolled up into seamless cylinder of 1-10 nm in diameter and length up to several 
micrometers, resulting in an aspect ratio (length/diameter) larger than 1000 (Fischer, 
2006). The graphene sheet may be rolled in different orientations along any two-
dimensional lattice vector which then maps onto the circumference of the resulting 
cylinder. The orientation of the graphene lattice relative to the axis defines the 
chirality or helicity of the nanotube (Shaffer and Sandler, 2007).  
 The nanotube chirality is represented by the circumferential vector, Ch =  nâ1 
+ mâ2 and chiral angle θh = tan-1 [√3(n/(2m + n))], where â1 and â2 are the two basis 
vectors of graphite and integers (n, m) are the number of steps along the unit vectors 
(â1 and â2) of the hexagonal lattice. The chiral angle is used to determine the amount 
of “twist” in the nanotubes and separates the SWCNTs into three chirality groups, 
known as armchair (n = m, θh = 30°), zigzag (n = 0 or m = 0, θh = 0°), and chiral (0 < 
|m| < n, 0 < θh < 30°) (Hennrich et al., 2006; Moniruzzaman and Winey, 2006). 
Figure 2.12 shows the structures of SWCNTs rolled up from a different orientation 
of a graphene sheet and the classification of SWCNTs based on chirality. 
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Figure 2.12: The chemical structures SWCNTs rolled up from different orientation of 
a graphene sheet and the types of chirality of SWCNTs (Han, 2005; Hennrich et al., 
2006). 
 
Individual SWCNT can exhibit metallic or semi-conducting behavior 
depending on the chirality or helicity. All armchair SWCNTs are metallic with a 
band gap of 0 eV while zigzag and chiral SWCNTs can be semimetals with a finite 
band gap if n – m = 3i (i being an integer and m ≠ n) or semiconductors with a band 
